The enteric bacterial pathogen Salmonella enterica serovar Typhimurium (S. Typhimurium), utilizes two type III secretion systems (T3SSs) to invade host cells, survive and replicate intracellularly. T3SS1 and its dedicated effector proteins are required for bacterial entry into non-phagocytic cells and establishment and trafficking of the nascent Salmonella-containing vacuole (SCV). Here we identify the first T3SS1 effector required to maintain the integrity of the nascent SCV as SopF. SopF associates with host cell membranes, either when translocated by bacteria or ectopically expressed. Recombinant SopF binds to multiple phosphoinositides in protein-lipid overlays, suggesting that it targets eukaryotic cell membranes via phospholipid interactions. In yeast, the subcellular localization of SopF is dependent on the activity of Mss4, a phosphatidylinositol 4-phosphate 5-kinase that generates PI(4,5)P 2 from PI(4)P, indicating that membrane recruitment of SopF requires specific phospholipids. Ectopically expressed SopF partially colocalizes with specific phosphoinositide pools present on the plasma membrane in mammalian cells and with cytoskeletal-associated markers at the leading edge of cells. Translocated SopF concentrates on plasma membrane ruffles and around intracellular bacteria, presumably on the SCV. SopF is not required for bacterial invasion of non-phagocytic cells but is required for maintenance of the internalization vacuole membrane as infection with a S. Typhimurium ΔsopF mutant led to increased lysis of the SCV compared to wild type bacteria. Our structure-function analysis shows that the carboxy-terminal seven amino acids of SopF are essential for its membrane association in host cells and to promote SCV membrane stability. We also describe that SopF and another T3SS1 effector, SopB, act antagonistically to modulate nascent SCV membrane dynamics. In summary, our study highlights that a delicate balance of type III effector activities regulates the stability of the Salmonella internalization vacuole. 
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Introduction
Many pathogenic bacteria of public health significance undergo an intracellular cycle as part of their virulence strategy. The ability of these bacteria to direct themselves to a specific intracellular locale is key to their pathogenesis, not only determining their survival and proliferation, but ultimately their virulence. Once internalized, a bacterium can either remain confined within a membrane-bound compartment or lyse its nascent phagosome and colonize the eukaryotic cytosol. The fundamental processes governing intracellular niche selection are poorly understood.
Salmonella enterica serovar Typhimurium (S. Typhimurium), a common cause of foodborne gastroenteritis, is a facultative intracellular pathogen that can colonize epithelial cells, dendritic cells, macrophages and fibroblasts. Within these cells, S. Typhimurium resides within a membrane-bound compartment known as the Salmonella-containing vacuole (SCV) [1] , that extensively, but selectively, interacts with the host cell endocytic pathway [2] . A critical virulence determinant for S. Typhimurium is a specialized injection device, the type III secretion system (T3SS). T3SSs are needle-like multi-protein complexes that penetrate host cell membranes to inject bacterial proteins, termed type III effectors, directly into the host cell cytosol. S. Typhimurium translocates~40 effector proteins [3] [4] [5] [6] using two T3SSs, T3SS1 and T3SS2, which are encoded on Salmonella Pathogenicity Island (SPI)-1 and SPI-2, respectively. Based upon their timing of expression, T3SS1 effectors are primarily associated with early events in Salmonella-host cell interactions such as promoting bacterial entry into non-phagocytic cells and establishment of the nascent SCV [7] , whereas T3SS2 effectors contribute to later events including maturation of the SCV and bacterial replication and survival within the host cell, particularly phagocytic cells [8, 9] .
T3SS1 engages the host plasma membrane to translocate five effectors-SipA, SipC, SopB (also known as SigD), SopE and SopE2-that target the actin cytoskeleton [10] to promote the formation of large lamellipodia-like surface projections, known as membrane ruffles, which engulf and internalize S. Typhimurium [11, 12] . SopA is also required for the efficient invasion of S. Typhimurium, but only in polarized epithelial cell lines and via an unknown mechanism [13] . The T3SS1 effector SptP manipulates signalling networks to counteract the effects of the "entry" effectors and down-regulate plasma membrane ruffling [14] . Another T3SS1 effector, SopD, cooperates with SopB to promote SCV membrane fission from the plasma membrane [15] . Large macropinosomes are formed early after S. Typhimurium internalization and these eventually fuse with the nascent SCV [16]-the cooperative actions of SopD and SopB are also required for efficient macropinosome formation [15] .
In addition to the plasma membrane, T3SS1 also translocates type III effectors across the nascent SCV membrane and these effectors collectively act to modulate SCV-host endocytic pathway interactions. For example, SopE and SopB mediate recruitment of the GTPase, Rab5, to early SCVs to promote their fusion with early endosomes [17, 18] . Rab5 in turn recruits Vps34, a phosphatidylinositol 3-kinase (PI3K), to generate phosphatidylinositol 3-phosphate (PI(3)P) on the nascent SCV [18] . PI(3)P then recruits the SNARE protein VAMP8 [19] . Rab5 and Vps34 recruitment, subsequent PI(3)P production, and VAMP8 recruitment are all dependent on the inositol phosphatase activity of SopB [18, 19] . SopB also reduces levels of negatively charged lipids on the nascent SCV, specifically PI(4,5)P 2 and phosphatidylserine, which alters the surface charge of the vacuole membrane [20] and thereby delays its fusion with late endosomes/lysosomes [21, 22] . In support of their important role in post-entry events, numerous T3SS1 effectors (i.e. SopE, SopE2, SipA and SopB) can be detected for many hours post-internalization and/or are required for the efficient replication of bacteria in epithelial cells [22] [23] [24] [25] [26] [27] [28] .
T3SS needle insertion into bacteria-containing vacuoles is believed to "damage" their membranes. Decoration of damaged vacuoles by host cell galectins acts as a danger signal to target these bacteria for autophagic capture and thus restrict their growth [29] [30] [31] . Although typically considered to be a vacuolar pathogen, a sub-population of S. Typhimurium lyse their internalization vacuole and escape into the cytosol of mammalian cells in a T3SS1-dependent manner [28, [32] [33] [34] . S. Typhimurium in damaged vacuoles are recognized by the autophagy machinery [30, 32] . The frequency of nascent SCV lysis and eventual outcome are dependent upon the cell type. More bacteria lyse their nascent vacuole in epithelial cells (10-20% by 90 min post-infection (p.i.)) compared to macrophages (2-6% by 90 min p.i.) [28, 32, [34] [35] [36] , possibly due to bacterial entry being largely driven by T3SS1 in non-phagocytic cells. Once in the cytosol, S. Typhimurium hyper-replicate in epithelial cells, whereas in macrophages they do not. This difference might be explained by: (i) incomplete autophagic clearance in epithelial cells, (ii) autophagy-mediated repair of damaged vacuoles in epithelial cells, as has been described for fibroblasts [37] , (iii) autophagy supporting cytosolic replication in epithelial cells [38] , and/or (iv) higher levels of caspase-1 and caspase-11 inflammasomes in macrophages [36] .
If bacterial secretion systems damage vacuole membranes, then why don't all Gram-negative bacteria that use these injection devices efficiently lyse their vacuoles? We hypothesized that pathogens such as S. Typhimurium possess species-specific factors that limit the overall extent of vacuole membrane damage. In support of this hypothesis, here we describe a Salmonella-specific type III effector, SopF (SL1344_SL1177), that is translocated by T3SS1 to maintain the integrity of the nascent SCV membrane. Compared to wild type S. Typhimurium, a sopF deletion mutant showed increased access to the cytosol and association with galectin-8 (GAL8), a marker of vacuole rupture, and p62 and LC3, two autophagy-associated proteins. SopF targets host cell membranes, whether translocated by S. Typhimurium or ectopically expressed, and also binds phosphoinositides in vitro. We further show that SopF and another T3SS1 effector, SopB, act antagonistically to regulate nascent vacuole membrane dynamics.
Results

SopF is translocated by T3SS1
In a RNAseq-based screen for S. Typhimurium SL1344 genes that are up-regulated in the cytosol compared to the vacuole during colonization of epithelial cells (T.R. Powers and L.A. Knodler , manuscript in preparation) we identified SL1344_1177 as a gene that is up-regulated in a subset of cytosolic Salmonella at 8 h post-infection (p.i.), a phenotype similar to that described for T3SS1-associated genes [27, 33] . SL1344_1177 is regulated by HilA, HilC and HilD [39] and recent CHIP-seq analysis identified that its counterpart in S. Typhimurium 14028s, STM14_1486, is a direct target of InvF binding [40] . SL1344_1177 is therefore part of the SPI-1 regulatory network. SL1344_1177 was recently renamed SopF by Zhou and colleagues [41] (we will adopt this nomenclature henceforth) and is annotated as a "predicted bacteriophage protein". It is encoded in SPI-11, which is inserted next to the Gifsy-1 prophage and includes a number of genes involved in Salmonella pathogenesis [42] . SPI-11 is one of eight core pathogenicity islands present in Salmonella enterica subspecies enterica (lineage I), which is the subspecies most commonly associated with disease [43, 44] . Taken together, this information hinted that SopF could be a candidate T3SS1 translocated effector. To test this, we constructed a fusion of the N-terminal 199 amino acid residues of SopF to the catalytic domain of adenylate cyclase (CyaA) under the control of its native promoter, and electroporated this plasmid into S. Typhimurium wild type and two genetic mutants that are defective for T3SS1 translocation (ΔprgI) or T3SS2 translocation (ΔssaR). We also utilized bacterial growth conditions that either induce or repress each T3SS [45] and J774A.1 mouse macrophage-like cells as an infection model as they are permissive for the entry of T3SS1 mutants [46, 47] . As a readout of SopF-CyaA translocation into host cells, cAMP production was quantified by ELISA. Using late log-phase subcultures, which are induced for T3SS1, we detected robust SopF-CyaA translocation into J774A.1 cells by 1 h p.i.; cAMP production was dependent on a functional T3SS1 but not T3SS2 (Fig 1A, upper panel) . To test for T3SS2 dependence, bacteria were grown under conditions where T3SS1 was repressed (stationary phase cultures) and infected cell lysates were collected at 8 h p.i.; no cAMP was produced after infection with bacteria harboring SopF-CyaA or SopB-CyaA fusions (Fig 1A, lower panel) . As a positive control, we used the T3SS2 effector, SseK1 [48] . Infection of J774A.1 cells with bacteria harboring an SseK1-CyaA fusion raised intracellular cAMP levels substantially in a manner dependent on ssaR (Fig 1A,  lower panel) . Overall, these data indicate that SopF is a T3SS1 effector, which agrees with a recent study that showed SopF is delivered into host cells [41] .
To examine the kinetics of intracellular sopF expression, we infected mammalian cells with ΔsopF pSopF-3xFLAG or ΔsopF pSopF-2xHA bacteria and samples were collected for immunoblotting at various times p.i. Loading of protein samples was normalized to equivalent colony forming units (CFU) over the time course. In epithelial cells (HeLa and HCT116), SopF3xFLAG was highly produced from 0.5-4 h p.i. and declined thereafter but was still detectable at 8 h p.i (Fig 1B) . In J774A.1 macrophage-like cells, the peak of SopF-2xHA production was 0.5-1 h p.i., after which it markedly declined (Fig 1B) . These patterns of expression are strikingly similar to that shown for another T3SS1 effector, SopB, in epithelial cells [23] and macrophages [49] . However, unlike what has been shown for SopB [50] , we did not detect a role for SopF in the invasion of non-phagocytic cells (Fig 1C) . Furthermore, the invasion efficiency of a ΔsopBΔsopF mutant was comparable to a ΔsopB mutant (Fig 1C) , indicating that SopB and SopF do not act cooperatively to promote bacterial internalization. The ΔsopF mutant also did not have a replication defect in epithelial cells or macrophages compared to wild type bacteria (S1 Fig) . Altogether, these data show that SopF is a T3SS1 effector that is produced early during host cell infection but is not overtly required for the entry of S. Typhimurium into host cells or intracellular replication.
To examine the subcellular localization of bacterially translocated SopF, we infected HeLa cells with ΔsopF pSopF-3xFLAG bacteria (constitutively expressing mCherry), then fixed, permeabilized and immunostained with anti-FLAG antibodies. Under our fixation-permeabilization conditions, only extrabacterial SopF-FLAG will be accessible to antibodies. No specific Lysates were collected at 1 h and 8 h p.i. and subject to ELISA quantification of cAMP (fmol cAMP/well). Results are the mean ± SD (n�3 experiments). Asterisks indicate data that is significantly different from WT bacteria with no CyaA plasmid (-) (p<0.05, ANOVA with Dunnett's post-hoc test). (B) Timecourse of intracellular SopF production. HeLa and HCT116 epithelial cells were infected with ΔsopF pSopF-3xFLAG bacteria; J774A.1 macrophage-like cells were infected with ΔsopF pSopF-2xHA bacteria. Cell lysates were collected at the indicated times p. i., then proteins were separated by SDS-PAGE and subject to immunoblotting with anti-FLAG or anti-HA antibodies. Loading was normalized to equivalent CFU for each timepoint. Molecular mass markers are indicated on the left. (-) indicates uninfected lysate. Results are representative of 2-3 independent experiments. (C) SopF is not required for bacterial entry into non-phagocytic cells. HeLa epithelial cells were infected with S. Typhimurium wild type (WT), ΔsopF, ΔsopB or ΔsopBΔsopF (ΔsopBF) bacteria and invasion efficiency (the percent of inoculum internalized at 1 h p.i.) was quantified by gentamicin resistance assay. The invasion efficiency of S. Typhimurium WT was set to 100% for each experiment. Data are the mean ± SD (n = 3 experiments). Asterisks represent data significantly different from WT bacteria (one-way ANOVA with Dunnett's post-hoc test). (D) Translocated SopF localizes to Salmonella-induced plasma membrane ruffles and around bacteria. HeLa cells seeded on coverslips were infected with ΔsopF pSopF-3xFLAG bacteria (constitutively expressing mCherry) and fixed/permeabilized at 30 min or 1 h p.i. Translocated SopF-3xFLAG was detected using tyramide signal amplification. Representative confocal images of SopF accumulation (shown in green) in plasma membrane ruffles (left panel) or around bacteria, presumably on the SCV (right panel). mCherry bacteria (STm) are shown in red. Scale bars are 10 μm. Insets show enlargements of boxed areas. Pie charts show the mean percentage distribution of SopF localization patterns at 30 min and 1 h p.i. (n�3 independent experiments). Categories are FLAG signal was detected in infected cells up to 2 h p.i., suggesting that either the FLAG antigen is masked or SopF is translocated in low quantities. In support of the latter, when we amplified the antibody signal by the addition of tyramide, translocated SopF-3xFLAG could be visualized in~20% of infected cells at 30 min and 1 h p.i. Thirty minutes after infection, SopF primarily localized to plasma membrane ruffles formed on the dorsal surface of cells in close proximity to internalized bacteria (Fig 1D) . By 1 h p.i., SopF also concentrated around intracellular bacteria, presumably decorating the SCV (Fig 1D) . On rare occasions, membrane tubules emanating from the SCV were also positive for SopF-3xFLAG signal (Fig 1D) . From these observations we conclude that translocated SopF targets a distinct subset of host cell membranes, namely those that are co-opted by Salmonella during bacterial internalization and intracellular trafficking.
Ectopically expressed SopF localizes to eukaryotic cell membranes
We next used ectopic expression of SopF to gain insight into its biological function. HeLa cells were transfected with plasmids encoding for EGFP-SopF or FLAG-SopF and steady-state protein localization was monitored by fluorescence microscopy. SopF was distributed throughout the cytosol, and also accumulated at the leading edge of cells and in filopodia-like structures extending out from the plasma membrane (Fig 2A and 2B) . At the leading edge, FLAG-SopF and EGFP-SopF partially co-localized with actin-binding proteins such as moesin, which is involved in cell adhesion, membrane ruffling and microvilli formation [51] , vasodilator-stimulated phosphoprotein (VASP), which regulates filopodial length and dynamics [52] and lamellipodin, a regulator of lamellipodia protrusion and cell migration [53] (Fig 2C, S2A Fig) .
We also used biochemical fractionation to determine the subcellular localization of SopF. Transfected HeLa cells were first treated with saponin, which permeabilizes the plasma and internal membranes and releases their soluble content, followed by Triton X-100 (TX-100), which solubilizes integral and peripheral membrane proteins, and lastly SDS to solubilize all remaining cellular components. Samples were subject to immunoblotting with antibodies against GFP, FLAG, Hsp27 (cytosolic protein), calnexin (integral membrane protein) and lamin A/C (nuclear protein). EGFP-SopF (Fig 2A) and FLAG-SopF (Fig 2B) equally partitioned to the saponin-and TX-100-soluble fractions, indicating that SopF is both cytosolic and membrane-associated when ectopically expressed.
SopF binds phosphoinositides
Bacterial effectors often use specialized membrane-localization domains to target to host cell membranes. These include coiled-coil domains, lipidation, ubiquitylation, and phosphoinositide binding [22, 25, [54] [55] [56] [57] [58] [59] [60] [61] . Phosphoinositides are concentrated on the cytosolic surfaces of membranes and the subcellular localization of each phosphoinositide is tightly governed by the combined actions of lipid kinases and lipid phosphatases, giving each cellular membrane a unique and dynamic phosphoinositide signature [62] . To test for a role of phosphoinositides in directing SopF localization, we used a loss-of-function PI kinase screen in the model eukaryotic organism, Saccharomyces cerevisiae [58] . Yeast have six main PI kinases that phosphorylate the 3', 4' or 5' position of phosphoinositides and inactivation of a particular PI kinase, via genetic deletion or conditional repression, affects the generation of a specific phosphoinositide pool (S3A Fig) . protein homolog 2 (Osh2) from S. cerevisiae was used as a positive control. 2xPH-Osh2 localizes to the Golgi and plasma membranes in yeast via PI(4)P binding [63, 64] . SopF was fused to yEGFP and expressed in wild type yeast and the six PI kinase yeast mutants (genetic deletions or Tet-off strains); localization was visualized by fluorescence microscopy of live cells ( Fig tet-off yeast strains ( Fig 3A, S3B Fig) . However, yEGFP-SopF showed increased plasma membrane targeting and decreased punctate localization in the mss4 tet-off strain ( Fig 3A, S3B   Fig) , revealing that the steady-state localization of SopF is dependent on the activity of Mss4. Mss4 is the major PI(4)P 5-kinase in S. cerevisiae [66, 67] . It localizes to the plasma membrane where it directs PI(4,5)P 2 synthesis and is required for the maintenance of actin cytoskeleton organization and endocytosis [66] [67] [68] . While total cellular levels of PI(4,5)P 2 are reduced by 65% in a Mss4 mutant, total levels of PI(3)P, PI(4)P and PI(3,5)P 2 are unaffected [66, 68, 69] . At the subcellular level, however, a Mss4 mutant has decreased PI(4,5)P 2 and increased PI(4)P accumulation at the plasma membrane [69, 70] . Therefore, concomitant with PI(4,5)P 2 depletion and/or PI(4)P accumulation at the plasma membrane, SopF redistributes from punctate intracellular compartments to the plasma membrane in yeast. To investigate the relationship between SopF localization and phosphoinositide pools in mammalian cells, we used fluorescently-tagged phospholipid biosensors and microscopy. HeLa cells were co-transfected with mCherry-SopF and either EGFP or EGFP-PH domain chimeras, then fixed and visualized by confocal microscopy (Fig 3B) . Compared to EGFP alone, co-transfection with EGFP-PH-phospholipase C δ1 (PLCδ1), EGFP-2xPH-Osh2 or EGFP-PH-Bruton's tyrosine kinase (Btk) appeared to promote the plasma membrane localization of mCherry-SopF (Fig 3B) . The PH domain of PLCδ1 serves as a lipid biosensor for PI (4,5)P 2 and localizes exclusively to the plasma membrane [71] . We found extensive co-localization of SopF and PH-PLCδ1 at the periphery of cells, particularly in filopodia (Fig 3B) . PI(4)Pbinding PH domain-GFP chimeras concentrate either at the plasma membrane or Golgi in mammalian cells-the PH domain of Osh2 localizes predominantly at the plasma membrane and weakly at the Golgi, whereas the PH domains of oxysterol binding protein (OSBP), four phosphate adaptor protein (FAPP1) and SidC only label PI(4)P pools at the Golgi [64, 72, 73] . We observed colocalization of SopF with 2xPH-Osh2 at the plasma membrane, particularly in filopodial extensions (Fig 3B) , but not with Golgi-targeting PI(4)P-binding probes (PH-FAPP1 or P4C-SidC; S4A Fig) . The Btk PH domain specifically binds to PI(3,4,5)P 2 [74] and PH-Btk Left panel shows a representative confocal microscopy image. EGFP-SopF (greyscale), DNA (blue). Scale bar is 10 μm. Right panel shows immunoblotting analysis. Cells were collected and subject to sequential detergent fractionation. Equal volumes of saponin-soluble, TX-100-soluble, and SDS-soluble fractions were separated by SDS-PAGE and subject to immunoblotting with antibodies against GFP, Hsp27 (cytosol), calnexin (membranes) and lamin A/C (nucleus). Molecular mass markers are indicated on the left. Results are representative of two independent experiments. (B) As for (A) except HeLa cells were transfected with a plasmid encoding for FLAG-SopF. FLAG-SopF was detected by immunostaining (left panel) or immunoblotting (right panel) with anti-FLAG antibodies. (C) SopF partially colocalizes with actin-binding proteins found at cell adhesion sites. HeLa cells were transfected with pFLAG-SopF for 18 h, then fixed and immunostained with anti-FLAG, anti-moesin, anti-lamellipodin and antivasodilator-stimulated phosphoprotein (VASP) antibodies. Representative confocal microscopy images show FLAG-SopF in green and moesin, lamellipodin or VASP in red. Scale bars are 10 μm. Insets show enlargements of boxed areas.
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Fig 3. SopF binds phosphoinositides. (A)
Saccharomyces cerevisiae wild type and six mutant PI kinase strains were transformed with yEGFP-SopF. Tet-off strains were repressed for 24 h with doxycycline before the expression of SopF was induced with galactose. The subcellular localization of SopF was monitored in live cells by widefield fluorescence microscopy. SopF relocalizes from internal membrane sites to the plasma membrane in the mss4 tet-off strain, which has decreased PI(4,5)P 2 and increased PI(4)P levels at the plasma membrane. yEGFP-2xPH-Osh2, which localizes to the Golgi and plasma membrane in yeast via PI(4)P binding, was used as a control for each strain. Representative fluorescence images are shown. Scale bars are 2 μm. (B) SopF colocalizes with multiple phosphoinositide pools present on the plasma membrane in mammalian cells. HeLa cells were co-transfected with mCherry-SopF and EGFP or EGFP-PH domain chimeras for 15 h and fixed. Representative confocal microscopy images show phosphoinositide-binding probes in green and mCherry-SopF in red. PI(4,5)P 2 , PI(4)P, and PI(3,4,5)P 3 pools at the plasma membrane are bound by PH-PLCδ1, 2xPH-Osh2 and PH-Btk, respectively. Scale bars are 10 μm. Insets show enlargements of boxed areas. (C) SopF binds to multiple phosphoinositides in vitro. Recombinant glutathione S-transferase (GST) and GST-SopF were purified by affinity chromatography and incubated with PIP Strips (Echelon Biosciences) at 1 μg/ml. Bound GST and GST-SopF were detected using anti-GST antibodies followed by chemiluminescence detection. Compounds spotted on the membrane (100 pmol lipid per spot) are: lysophosphatidic acid (LPA); lysophosphatidylcholine (LPC); phosphatidylinositol phosphate (PI); PI(3)P; PI(4)P; PI(5) P; phosphatidyl ethanolamine (PE); phosphatidyl choline (PC); sphingosine-1-phosphate (S1P); PI(3,4)P 2 ; PI(3,5)P 2 ; PI(4,5)P 2 ; PI(3,4,5)P 3 ; phosphatidic acid (PA); phosphatidylserine (PS). co-localized with mCherry-SopF staining in lamellipodia at the cell periphery ( Fig 3B) . Lastly, the PI(3)P binding FYVE domain from Hrs (2xFYVE-Hrs), which concentrates on early endosomes [75] , did not colocalize with mCherry-SopF (S4A Fig) .
The above studies suggested that SopF localization was connected to host cell phospholipids. We therefore tested whether SopF could directly bind phospholipids using a protein-lipid overlay assay. SopF was heterologously produced in Escherichia coli as a glutathione S-transferase (GST) fusion protein, affinity purified and used to probe nitrocellulose-immobilized phosphoinositides and lipids on PIP Strips. Bound protein was detected using anti-GST antibodies. Compared to GST alone, which displayed no binding affinity for phosphoinositides or lipids, GST-SopF bound to phosphatidic acid and a number of phosphoinositides in vitro, specifically PI(3)P, PI(3,5)P 2 and PI(3,4,5)P 3 ( Fig 3C) . A preference for SopF binding to PI(3,5)P 2 was indicated by PIP Arrays (S4B Fig) . Collectively, this data revealed that SopF subcellular targeting in eukaryotic cells is phosphoinositide-dependent and SopF binds phosphoinositides in vitro.
SopF promotes the maintenance of nascent SCV membrane integrity
We have shown that SopF is a T3SS1 translocated effector that targets eukaryotic cell membranes and binds phosphoinositides. While SopF is not overtly required for S. Typhimurium invasion into non-phagocytic cells ( Fig 1C; [41]) or intracellular replication (S1 Fig), T3SS1 and its dedicated effectors also promote SCV biogenesis, trafficking and lysis. A small but significant proportion of S. Typhimurium lyse their internalization vacuole, but no type III effectors that modulate the frequency of this event have yet been identified. To test whether SopF is involved in vacuole maintenance, we infected HeLa epithelial cells with wild type and ΔsopF bacteria and monitored nascent SCV lysis using three independent assays: (i) the chloroquine (CHQ) resistance assay, (ii) a cytosolic reporter plasmid and (iii) GAL8 recruitment. CHQ selectively kills vacuolar but not cytosolic Salmonella and when used in combination with a gentamicin protection assay it allows for the quantification of the proportion of total bacteria that are present in the host cell cytosol [34, 76] . Using the CHQ resistance assay we found that there was a significant increase in the proportion of ΔsopF bacteria present in the cytosol of HeLa cells compared to wild type bacteria at 90 min p.i. (Fig 4A) . This phenotype was also observed in colonic epithelial cells, HCT116 (Fig 4A) , and mouse macrophage-like cells, J774A.1 ( Fig 4A) . Complementation of ΔsopF bacteria with plasmid-borne SopF-3xFLAG restored the efficiency of nascent vacuole lysis to wild type levels ( Fig 4A) .
The PuhpT-gfpova plasmid has previously been used as a biosensor for S. Typhimurium exposure to the mammalian cytosol [77] . Expression of the unstable GFP variant, GFP-OVA, is under the control of the glucose-6-phosphate responsive S. Typhimurium uhpT promoter. Since glucose-6-phosphate is present in the mammalian cytosol and not the lumen of the SCV, GFP-OVA fluorescence is indicative of the sub-population of intracellular S. Typhimurium that are in damaged vacuoles and/or free in the cytosol. HeLa cells were seeded on glass coverslips and infected with S. Typhimurium wild type and ΔsopF bacteria (constitutively expressing mCherry on the chromosome) harboring the PuhpT-gfpova plasmid. At various times p.i., cells were fixed and the number of GFP-positive bacteria scored by fluorescence microscopy. GFP-positive bacteria were not detectable until 90 min p.i., presumably reflecting the time required for GFP-OVA to be produced, fold and fluoresce after initial bacterial exposure to the epithelial cytosol. By 90 min p.i., approximately 20% of wild type bacteria were GFP-positive and this level was maintained at a steady-state until 6 h p.i., whereupon there was a significant increase in the proportion of cytosolic wild type bacteria (Fig 4B) , coincident with the initiation of rapid replication in the epithelial cytosol [33, 78] . Significantly more ΔsopF bacteria were GFP-positive at 1.5 h, 2 h, 3 h and 4.5 h p.i. (Fig 4B) , indicating that upon deletion of sopF there is an increased frequency of S. Typhimurium in damaged vacuoles and/or free in the cytosol over this timeframe. Altogether, data from these independent assays identify SopF as a T3SS1 effector that promotes the integrity of the nascent SCV membrane. Interestingly, despite an increased nascent vacuole lysis for the sopF deletion mutant, an equivalent proportion of wild type and ΔsopF bacteria was present in the epithelial cytosol at later times (�6 h p. i.) according to the fluorescent biosensor assay (Fig 4B) , CHQ resistance assay (49 ± 8.2% cytosolic bacteria for wild type and 46 ± 9.7% for the ΔsopF mutant at 7 h p.i. in HeLa cells, n�6 independent experiments) and single-cell analysis (S1 Fig) .
Galectins are β-galactoside-binding lectins that act as host "danger receptors" by monitoring endosomal and lysosome integrity [30] . Fluorescently-tagged galectin-3 (GAL3) has been used as a marker of vacuole lysis by Shigella flexneri [29, 79] , Listeria monocytogenes [29] , Legionella pneumophila [80] and S. Typhimurium [16] . It localizes to the limiting membrane of damaged bacteria-containing vacuoles [16, 29] . GAL8 and galectin-9 (GAL9) also decorate ruptured SCVs [30] . GAL3, GAL8 and GAL9 recruitment to damaged vacuoles is transient in nature because of their disappearance once the membrane is repaired or disassembled. We used endogenous GAL8 as a measure of vacuole integrity over a 3 h time course of infection. HeLa cells seeded on glass coverslips were infected with wild type and ΔsopF bacteria (constitutively expressing mCherry on the chromosome) and at various times, fixed and immunostained for GAL8. The number of GAL8-positive bacteria was scored by fluorescence microscopy. We found that the recruitment of GAL8 by wild type bacteria peaked at 90 min p. i. (13.1±1.2%, Fig 4C) , in agreement with a previous study using fluorescently-tagged GAL8 [30] . Significantly more ΔsopF bacteria were decorated with GAL8 at 1 h, 1.5 h and 2 h p.i. (Fig  4C) , indicating enhanced SCV disruption. In trans complementation of ΔsopF bacteria with SopF-3xFLAG restored the amplitude and kinetics of GAL8 acquisition to wild type levels ( Fig  4C) .
GAL8 directly binds NDP52 to direct the autophagy machinery to damaged SCVs [30] . Polyubiquitin coating of cytosolic S. Typhimurium is also sensed by NDP52, along with two other autophagy adaptor proteins, p62/SQSTM1 and optineurin. All three autophagy adaptors promote engulfment of S. Typhimurium by autophagosomes by direct binding to microtubule-associated protein 1A/1B light chain 3B (LC3) [81] [82] [83] [84] . By immunofluorescence analysis, (WT), ΔsopF or ΔsopF pSopF-3xFLAG (comp) bacteria. The chloroquine resistance assay was used to quantify the proportion of cytosolic bacteria at 90 min p.i. Data represent the mean ± SD (n�3 independent experiments). Asterisks indicate data significantly different from WT infection (one-way ANOVA with Dunnett's post-hoc test). (B) Fluorescence detection of cytosolic S. Typhimurium. Wild type (WT) and ΔsopF bacteria constitutively expressing mCherry and harboring a PuhpT-gfpova reporter were used to infect HeLa cells. The unstable GFP variant (GFP-OVA) is under the control of the S. Typhimurium uhpT promoter, which is induced by glucose-6-phosphate, a metabolite found exclusively in the mammalian cytosol. GFP fluorescence is therefore indicative of S. Typhimurium that are in damaged vacuoles and/or free in the cytosol. The number of GFP-positive bacteria was scored by fluorescence microscopy. Data represent mean ± SD (n�5 independent experiments). Asterisks indicate data significantly different from WT bacteria (Student's t-test). (C) Timecourse of galectin-8 (GAL8) association. HeLa cells were infected with S. Typhimurium wild type (WT), ΔsopF or ΔsopF pSopF-3xFLAG (comp) bacteria (all strains are constitutively expressing mCherry) and at the indicated times, infected monolayers were fixed and immunostained for GAL8, which decorates damaged SCVs. The number of GAL8-positive bacteria was quantified by fluorescence microscopy. Data represent mean ± SD (total of >450 bacteria per strain from 3 independent experiments). Asterisks indicate data significantly different from WT bacteria (one-way ANOVA with Dunnett's post-hoc test). (D) Timecourse of LC3 association. HeLa cells were infected as in (C) and at the indicated times cells were fixed and immunostained for microtubule-associated protein 1A/1B-light chain 3 (LC3), a marker of autophagy. The number of bacteria associated with LC3 was quantified by fluorescence microscopy. Data are the mean ± SD (n�3 experiments). Asterisks represent data significantly different from WT bacteria (one-way ANOVA with Dunnett's post-hoc test). Representative confocal images show LC3 association (green) with bacteria (red, STm) at 1 h p.i. and 2 h p.i. Scale bars are 10 μm. Insets are enlargements of the boxed areas.
https://doi.org/10.1371/journal.ppat.1007959.g004
The Salmonella type III effector SopF promotes SCV membrane integrity we found that the sopF deletion mutant colocalized more frequently with p62/SQSTM1 and LC3 than wild type bacteria (Fig 4D, S5 Fig) . Particularly striking was robust LC3 recruitment to ΔsopF bacteria at 1 h and 2 h p.i. Rather than forming a discrete ring around bacteria, like for wild type S. Typhimurium, LC3 accumulation was cloud-like and often tubular in nature around ΔsopF bacteria (Fig 4D) . Collectively our GAL8, p62 and LC3 recruitment data indicates that the sopF deletion mutant is subject to enhanced disruption of the nascent vacuole and detection and capture by the autophagy pathway.
The C-terminus of SopF is required for its membrane association and biological activity
SopF is a 374 amino acid protein with a predicted molecular mass of 42 kDa. It contains a domain of unknown function (DUF), DUF3626, spanning residues 178-338. Basic local alignment analyses (e.g. BLAST) of SopF do not yield any significant matches to sequences of proteins of known function, but secondary structure predictions (e.g. PHYRE2, PSIPRED) suggest that SopF has a high content of α-helices (50%). Many of these are in the N-terminus (amino acids 14-23, 31-43, 65-70, 75-116, 121-133, 144-162, 177-190) . The N-terminus of type III effectors is required for their translocation [85] [86] [87] , minimizing the feasibility of making N-terminal SopF deletions and retaining effector translocation. Instead we focused on the C-terminus of SopF for structure-function analysis. Based upon the location of the DUF3626 domain and the prediction by PHYRE2 [88] that amino acids 334-343 and 354-366 of SopF adopt α-helical structures, we created two SopF truncations, SopF(1-367) and SopF and assessed whether deleting these regions affected SopF function during S. Typhimurium infection. HeLa cells were infected with wild type, ΔsopF or ΔsopF bacteria complemented in trans with SopF full-length, SopF(1-345) or SopF(1-367) and nascent SCV lysis was assessed via the CHQ resistance assay at 90 min p.i. and GAL8 recruitment at 1 h p.i. (Fig 5A) . SopF(1-345) and SopF(1-367) were produced (S6A Fig) and translocated by S. Typhimurium (S6B Fig, S6C Fig) , but neither truncation was able to restore vacuole lysis efficiency of the sopF mutant to wild type levels, whereas full-length SopF did (Fig 5A) . From these results we can conclude that the C-terminus of SopF is required for its biological function to promote SCV membrane integrity.
We next assessed the effect of C-terminal truncations on the localization of SopF in eukaryotic cells. To do this, we ectopically expressed two SopF truncations-FLAG-SopF(1-345) or FLAG-SopF(1-367)-in HeLa cells and monitored their steady-state localization by immunofluorescence of fixed cells and sequential detergent fractionation. Unlike FLAG-SopF, which was associated with plasma membrane ruffles and filopodia (Fig 2B) , the immunostaining pattern of both SopF truncations was primarily cytosolic (Fig 5B) . This altered subcellular localization was confirmed by sequential detergent fractionation, where the majority of FLAG-SopF (1-345) and FLAG-SopF(1-367) was solubilized with 0.1% (w/v) saponin treatment (Fig 5C) , which releases cytosolic proteins. Comparable results were obtained with EGFP-tagged SopF truncations (S2B Fig, S2C Fig) . Therefore, deletion of as few as seven amino acids from the Cterminus of SopF prevents its association with mammalian cell membranes.
We also examined the impact of C-terminal truncations on the subcellular localization of SopF in S. cerevisiae. yEGFP-SopF(1-345) and yEGFP-SopF(1-367) were expressed in wild type and mss4 tet-off yeast strains; protein production was monitored by immunoblotting with anti-GFP antibodies and subcellular localization by fluorescence microscopy of live cells. Both SopF truncations were produced in yeast upon galactose induction (S3D Fig) . In contrast to yEGFP-SopF, which primarily localized to internal membrane sites, pEGFP-SopF(1-345) and yEGFP-SopF(1-367) appeared predominantly cytosolic in wild type yeast (Fig 5D and 5E ). 
Furthermore, in the mss4
tet-off mutant, while full length SopF redistributed to the plasma membrane, neither of the SopF truncations did (Fig 5D and 5E ). This narrows down the Mss4-dependent localization phenotype to the carboxyl-terminal seven amino acids of SopF (368-RDCIILY-374). To further refine which residue(s) within this heptapeptide are subcellular localization determinants, we mutated individual amino acids and tested their effect on localization. First, we mutated the Cys370 residue to test whether it might be a lipidation site. The post-translational addition of lipid groups such as palmitate, farnesyl or geranylgeranyl to cysteine residues can facilitate the membrane association of proteins, including bacterial effectors [61, 89] . For example, host prenylation of a C-terminal CAAX motif in the Salmonella type III effector, SifA, promotes its association with late endosomal/lysosomal membranes [55] and host S-palmitoylation of several S. Typhimurium and L. pneumophila effectors directs their membrane association upon translocation [90] [91] [92] . However, the subcellular localization of the SopF C370S mutant was indistinguishable from SopF in wild type and mss4 tet-off yeast strains (Fig 5D and 5E ). Individual mutation of the remaining six amino acids (R368A, D369A, I371A, I372A, L373A and Y374A) also failed to affect the localization of SopF in wild type and mss4 tet-off yeast strains (S3E Fig, S3F Fig) . Therefore, no single amino acid within this heptapeptide defines the subcellular localization of SopF in wild type or Mss4-deficient S. cerevisiae. Collectively, the results from this structure-function analysis indicate that membrane association and biological activity of SopF in eukaryotic cells are dependent on the carboxylterminal seven amino acids, implying that SopF must be membrane-associated to fulfil its biological function.
SopF and SopB have opposing activities on SCV membrane integrity
Phosphoinositides are key regulators of host-pathogen interactions, including SCV trafficking and identity [93] . The T3SS1 effector, SopB/SigD, is an inositol phosphatase that modulates the phosphoinositide composition of Salmonella-induced ruffles and the nascent SCV [18] [19] [20] . Given that SopB generates specific phosphoinositides during an infection and SopF binds phosphoinositides in vitro, along with the tendency for T3SS1 effectors to act on common cellular pathways [15,50,94,95], we examined whether there was any crosstalk between SopF and SopB biological activities. HeLa cells were infected with the following mCherry-expressing S. Typhimurium strains: wild type, ΔsopF, ΔsopB, ΔsopB pWSKDE (in trans complementation with SopB/SigD and SigE, its type III chaperone), ΔsopB pWSKDE C460S (in trans complementation with the catalytically inactive SopB/SigD C460S and SigE), ΔsopBΔsopF, ΔsopBΔ-sopF pWSKDE and ΔsopBΔsopF pWSKDE C460S and nascent SCV damage (GAL8) and autophagic capture (LC3) were monitored by immunostaining of fixed cells at 1 h and 2 h p.i. (Fig 6A) . Compared to wild type bacteria, more ΔsopF bacteria were decorated by GAL8 at 1 h and 2 h p.i., whereas significantly fewer ΔsopB bacteria were GAL8-positive at 1 h p.i., but not 2 h p.i. (Fig 6A, upper panel) . This result suggests that SopB and SopF might have counteracting activities on membrane stabilization during early vacuole biogenesis (�1 h p.i.). In agreement, ΔsopBΔsopF bacteria were comparable to wild type bacteria for GAL8 acquisition at 1 h and 2 h p.i. (Fig 6A, upper panel) . In trans complementation of ΔsopBΔsopF bacteria with SopB (ΔsopBΔsopF pWSKDE) restored levels of GAL8 acquisition to that observed for the sopF deletion mutant, confirming that the altered phenotype for the double deletion mutant was specifically due to the absence of SopB. Mutation of the Cys460 residue of SopB (C460S) abrogates its 4-and 5-phosphatase activity on phosphoinositides in vitro [96, 97] . Providing SopB C460S (pWSKDE C460S) in trans failed to complement the proportion of ΔsopBΔsopF bacteria in damaged vacuoles back to the level of ΔsopF bacteria, or ΔsopB bacteria back to wild type levels ( Fig 6A, upper panel) . The trend for accumulation of the autophagosomal Typhimurium ΔsopF pSopF-3xFLAG or ΔsopBΔsopF (ΔsopBF) pSopF-3xFLAG bacteria. At 1 h p.i., cells were mechanically disrupted and subject to differential centrifugation to obtain three fractions-P (unbroken host cells, host cell nuclei, intact bacteria), M (host cell membrane marker, LC3, mirrored that of GAL8, with the exception of the double deletion mutant (Fig 6A, lower panel) . The ΔsopBΔsopF mutant showed a significant increase in LC3 recruitment compared to wild type bacteria at 1 h and 2 h p.i., to a level intermediate that of wild type and ΔsopF bacteria (Fig 6A, lower panel) . In trans complementation of ΔsopBΔsopF bacteria with SopB, but not SopB C460S, fully restored LC3 accumulation back to ΔsopF levels ( Fig 6A, lower panel) . Our structure-function studies (Fig 5) indicated that SopF must associate with host cell membranes in order to modulate the stability of the nascent SCV. One explanation for the different levels of vacuole damage observed for ΔsopF and ΔsopBΔsopF bacteria (Fig 6A) was if translocated SopF depends on SopB's inositol phosphatase activity for its membrane association. To test this, HeLa cells were infected with ΔsopF pSopF-3xFLAG and ΔsopBΔsopF pSopF-3xFLAG bacteria and at 1 h p.i., monolayers were subject to mechanical lysis followed by differential centrifugation at 6,500 xg and 100,000 xg to obtain three fractions: P (6,500 xg pellet, contains host cell nuclei, intact bacteria and unbroken cells), M (100,000 xg pellet, contains host cell membranes) and C (100,000 xg supernatant, contains host cell cytosol). The content of these fractions was assessed by immunoblotting with anti-DnaK (intact bacteria), antiHsp27 (host cell cytosol), anti-LAMP-1 (host cell membranes) and anti-FLAG (SopF3xFLAG) antibodies. For the ΔsopF pSopF-3xFLAG infection, translocated SopF-3xFLAG was detected in M and C fractions, indicating partitioning to host cell membranes and cytosol, respectively (Fig 6B) . Upon infection with ΔsopBΔsopF bacteria, SopF-3xFLAG translocation appeared comparable to ΔsopF bacteria, both in total amount and partitioning profile (Fig 6B) . We also compared SopF localization by immunofluorescence. HeLa cells were infected with ΔsopF and ΔsopBΔsopF bacteria harboring pSopF-3xFLAG (both strains constitutively expressing mCherry) and the localization of translocated SopF was examined using tyramide-coupled immunofluorescence with anti-FLAG antibodies. The number of SopF-positive cells was equivalent for ΔsopF and ΔsopBΔsopF bacteria at 30 min and 1 h p.i. (23.0% and 21.6% of infected cells for ΔsopF bacteria at 1 h and 2 h p.i., respectively; 27.7% and 22.9% for ΔsopBΔ-sopF bacteria at 1 h and 2 h p.i., respectively (mean from 3 independent experiments)). The distribution pattern of translocated SopF staining-ruffles, bacteria and/or tubules-was also comparable for ΔsopF (Fig 1D) and ΔsopBΔsopF bacteria at 30 min and 1 h p.i. (Fig 6C) . Altogether, from these results we can conclude that translocated SopF associates with host cell membranes independently of SopB.
Discussion
While bacterial secretion systems are essential to the virulence of many Gram-negative pathogens, their insertion into the bacteria-containing vacuole membrane also acts as an "Achilles heel" because it damages the membrane, which allows cytosolic surveillance pathways to detect the presence of bacteria in these damaged vacuoles [31] . Bacterial pathogens that are tailored for life in a vacuole, such as S. Typhimurium, must possess strategies to minimize vacuole membrane damage. Exemplifying this, S. Typhimurium has T3SS needle tip proteins that membranes) and C (host cell cytosol). Equal volumes were separated by SDS-PAGE and subject to immunoblotting with antibodies directed against FLAG, LAMP-1 (lysosomal membranes), Hsp27 (cytosol) and DnaK (bacteria). Molecular mass markers are indicated on the left. Results are representative of two independent experiments. (C) HeLa cells were infected with ΔsopBΔsopF pSopF-3xFLAG bacteria and the localization of translocated SopF was determined by tyramide signal amplification followed by fluorescence microscopy. Pie charts show the mean percentage distribution of SopF localization patterns at 30 min and 1 h p.i. (n = 3 independent experiments). Categories are plasma membrane ruffles, bacteria, membrane tubule(s) originating from the SCV or a combination of these (bacteria plus ruffles, ruffles plus tubule(s) or bacteria plus tubules).
https://doi.org/10.1371/journal.ppat.1007959.g006
The Salmonella type III effector SopF promotes SCV membrane integrity confer relatively poor damaging/lytic ability compared to their counterparts from cytosolic bacteria [35] . Here we identify an additional mechanism used by S. Typhimurium to promote the integrity of its nascent SCV membrane, SopF, a type III effector that is specific to Salmonella enterica and Salmonella bongori spp. The importance of SopF and nascent vacuole integrity to the pathogenesis of S. Typhimurium is illustrated by results from animal models of infection. In a transposon-directed insertion-site sequencing (TraDIS) screen of S. Typhimurium mutants for their relative fitness during intestinal colonization of pigs, cows and chickens after oral infection, a sopF (SL1344_1177) mutant was significantly attenuated in all three animal models [98] . In the same study, a sopF mutant was not attenuated for systemic infection of mice upon intravenous infection [98] . However, upon oral infection of streptomycin-pretreated mice, a sopF mutant is outcompeted by wild type bacteria for colonization of the cecum, spleen and liver at 24 h [41] . sopF is therefore part of a core set of genes required for efficient intestinal colonization by S. Typhimurium, irrespective of the host species.
We report that SopF targets the nascent SCV to promote membrane stability. We and others have previously noted the high prevalence of bacterial effectors that associate with host cell membranes [56, 58, 99] . SopF does not appear to be stably associated with cell membranes, either when ectopically expressed or bacterially translocated, as only a portion of the total pool partitions to this fraction (Figs 2A, 2B and 6B). This result argues that SopF is a peripheral membrane protein, which is supported by bioinformatics analysis that predicts SopF does not have any transmembrane spanning regions (TMpred program). Our structure-function studies pinpoint that the carboxy-terminus of SopF plays a critical role in its membrane targeting in eukaryotic cells, and subsequently its biological activity (Fig 5) . This region comprises only seven amino acids, with four of these being hydrophobic residues, and is predicted by PHYRE2 to adopt a β-strand structure. We predict that this heptapeptide sequence is critical for phosphoinositide and/or protein interactions that promote the membrane association of SopF. Of note, short hydrophobic stretches in YopE and ExoS, type III effectors from Yersinia spp. and Pseudomonas aeruginosa, respectively, function as membrane localization domains in eukaryotic cells [100] and some small GTPases rely on a short stretch of hydrophobic amino acids or polybasic clusters to facilitate their plasma membrane binding [101] .
Purified SopF binds a number of phosphoinositides in vitro, hinting that membrane targeting of SopF is mediated by phosphoinositide binding in vivo. This does not preclude that protein-protein interactions are also involved. Alto and colleagues showed that the localization of a number of Salmonella effectors (PipB, PipB2, SopA, SseG, SseJ and SteA) is affected in yeast PI kinase mutants, implying that their subcellular targeting also depends on phosphoinositidebinding [58] . The authors further identified that purified recombinant PipB2, SopA and SteA bound phospholipids in vitro [58] . The findings for SteA corroborated an earlier study that demonstrated that this T3SS2 effector localizes to the SCV membrane via its interaction with PI(4)P [60] . Phosphoinositide-binding is not unique to S. Typhimurium effectors and, in fact, is quite widespread for type III and type IV effectors. DrrA/SidM [102] , SidC [102] [103] [104] [105] [106] , Lpg1101 and Lpg2603 [107] from Legionella spp. bind PI(4)P, LpnE, LtpD, LtpM and RidL from L. pneumophila [108] [109] [110] [111] and CvpB from Coxiella burnetii [112] bind PI(3)P, and ExoU from Pseudomonas aeruginosa [113] and VopR from Vibrio parahaemolyticus [57] bind PI (4,5)P 2 for example.
The phosphoinositide binding preference of SopF in vivo remains unclear. SopF preferentially binds PI(3,5)P 2 in lipid overlay assays but we were unable to assess PI(3,5)P 2 binding in eukaryotic cells because there is currently no known specific PI(3,5)P 2 -binding probe. PI(3,5) P 2 is much less abundant than other phosphoinositides in mammalian cells and localizes on early endosomes, late endosomes and lysosomes [114] . Perturbation of PI(3,5)P 2 synthesis in yeast (fab1Δ mutant) did not change the subcellular localization of SopF, however (Fig 3A) . By contrast, its subcellular localization was affected in yeast defective for proper PI(4,5)P 2 synthesis (mss4 tet-off strain, Fig 3A) . It remains possible that the SopF localization defect in the mss4 mutant is not specifically due to the alteration of phosphoinositide pools at the plasma membrane but rather an indirect effect of aberrant actin cytoskeleton organization, Rho1-mediated signaling or sphingolipid biosynthesis [66, 67, 115] . Upon ectopic expression in mammalian cells, we observed partial colocalization of SopF with multiple PH domain probes that have specificity for different phosphoinositide pools at the plasma membrane (Fig 3B) . The nascent SCV is known to be decorated with PI(4)P [60] but PI(4,5)P 2 is absent [20, 116] . The direct accumulation of PI(3,5)P 2 on the SCV has not been monitored. The association of SopF with host cell membranes is independent of SopB (Fig 6) , the S. Typhimurium effector whose inositol phosphatase activity largely governs the phosphoinositide composition of the nascent SCV. Consequently, we propose that host-generated phosphoinositides promote the membrane recruitment of translocated SopF. Our ongoing studies are directed towards identification of which specific phosphoinositide(s) are bound by SopF during infection. Why does only a subset of S. Typhimurium lyse their internalization vacuole? In an elegant study by Enninga and colleagues, it was shown that fusion, or not, of the nascent SCV (designated the Salmonella-containing compartment (SCC) by the authors) with macropinosomes determines the fate of S. Typhimurium in epithelial cells [16] . By live-cell imaging, the majority of SCCs that fused with macropinosomes remained intact whereas all bacteria that eventually hyper-replicated in the cytosol of epithelial cells had initially failed to fuse with macropinosomes. It is likely that SCC fusion with macropinosomes provides new membrane to allow for vacuole expansion. This study therefore established a direct correlation between SCC-macropinosome fusion and vacuole integrity, which is in contrast to the early events during infection with the professional cytosolic pathogen, S. flexneri. Internalized S. flexneri are surrounded by and come in contact with newly formed macropinosomes, but do not fuse with them, and then rapidly lyse their internalization vacuole [117] . There is a positive correlation between the number of macropinosomes in the vicinity of wild type S. flexneri and the timing of vacuole lysis, however. Infection with a S. flexneri ipgD mutant led to a 60% reduction in the number of macropinosomes surrounding bacteria [117] and a delay in the kinetics of vacuole rupture compared to wild type S. flexneri [79] . It has been shown that SopB, an IpgD homolog, contributes to macropinosome formation following Salmonella infection [15, 21] . Similar to a S. flexneri ipgD mutant, here we describe that a S. Typhimurium sopB deletion mutant has a transient delay in nascent vacuole lysis compared to wild type bacteria; it is defective at 1 h p.i., but not 2 h p.i. (Fig 6A) . SopB and IpgD both control the phosphoinositide composition of the vacuole membrane and might modulate bacteria-containing vacuole rupture in a similar macropinosome-dependent manner, perhaps via the recruitment of Rab11 [79, 117] or sorting nexins [97, [118] [119] [120] .
While SopF is the first bacterial factor reported to promote nascent SCV stability, a number of host factors have been previously implicated in this process; some promote stability and some instability. TANK-binding kinase 1 (TBK1) was shown to maintain the integrity of internalization vacuoles containing Gram-negative and Gram-positive bacteria, including that of the nascent SCV [121] . TBK1 also recruits autophagy-associated proteins to promote clearance of cytosolic S. Typhimurium [84] . The phosphoinositide 3-phosphatase, myotubularin 4 (MTMR4), promotes SCV stability in fibroblasts. It is recruited to the nascent SCV as early as 15 min p.i. [122] and in MTMR4-depleted A431 cells, an increase in GAL8-, LC3-and p62-positive SCVs at 2 h and 3 h p.i., but not 1 h p.i., is observed [122] . Patrick et al. (2018) recently reported that recruitment of the retromer sorting complex stabilizes the nascent SCV. shRNA-mediated knockdown of VPS35, a component of the retromer sorting complex, led to an increase in the proportion of cytosolic S. Typhimurium at 1 h and 2 h p.i. in HeLa cells [123] . They proposed a model whereby VPS35 is initially recruited to the nascent SCV, then displaced from the SCV due to its interaction with SseC, a T3SS2 translocon protein. While the fate of ΔsseC bacteria was not reported in this study, this mutant is T3SS2 translocationdefective and such mutants remain in an intact SCV [124] , hinting that the retromer displacement model for vacuole stabilization might be more complex than proposed. The lone host protein known to antagonize nascent SCV membrane stability is the coat protein complex II (COPII). Santos et al. (2015) found that COPII was recruited to the nascent SCV and siRNA mediated knockdown of a COPII component, Sec13, halved the proportion of S. Typhimurium in ruptured SCVs in HeLa cells at 1 h p.i. [125] . COPII recruitment therefore promotes nascent SCV rupture in epithelial cells. Using numerous techniques, we have not identified an interaction between SopF and any of these above-mentioned host proteins, suggesting that SopF is acting in a novel manner to modulate nascent SCV integrity.
Bacterial effectors can act alone, or they can interact with other effectors to modulate host functions; such effector-effector interactions can be categorized as direct or indirect [126] . "Meta-effectors" describes the scenario whereby one effector acts directly on another to modulate its function and is typified by the L. pneumophila type IV effectors LubX and SidH-LubX polyubiquitinates SidH to regulate its levels, and thus activity, inside of host cells [127] . Effectors that act cooperatively or antagonistically on a shared host target or pathway represent indirect effector-effector interactions. One example of cooperativity is the five Salmonella type III effectors-SipA, SipC, SopB, SopE and SopE2-that target the host cell actin cytoskeleton to promote plasma membrane ruffling and bacterial invasion. SopE and SptP from Salmonella are hallmark examples of effectors with antagonistic functions; SopE-mediated activation of Rho GTPases is counteracted by the GTPase-activating activity of SptP [14] . SopF and SopB have opposing effects on nascent vacuole membrane dynamics and provide a new example of antagonistic T3SS1 effectors. Interestingly, other antagonistic effector-effector relationships have been reported for the maintenance of vacuole integrity by S. Typhimurium (SifA/SseJ and SifA/SopD2) and L. pneumophila (SdhA/PlaA). S. Typhimurium has a second type III effector, SifA, that stabilizes the mature SCV membrane. SifA is translocated by T3SS2 and acts much later than SopF during the infection process; a sifA mutant is not defective for maintaining vacuole integrity until �6 h p.i. [124, 128] . SifA interacts with the host protein SKIP (PLEKHM2) to downregulate the recruitment of kinesin, a molecular motor, to the SCV and affect vacuolar membrane dynamics [129, 130] . SseJ is a T3SS2 effector [86] with phospholipase and acyltransferase activity [131, 132] . Unlike ΔsifA bacteria, a sifA sseJ deletion mutant is not defective for stability of the mature SCV membrane [132, 133] indicating that the loss of vacuolar membrane around ΔsifA bacteria requires SseJ. Similarly, a sifA sopD2 deletion mutant also resides within an intact vacuole [134] highlighting that sopD2 is epistatic over sifA. The biological function of SopD2 is not known. L. pneumophila utilizes the Dot/Icm secretion system to translocate type IV effectors that customize its intracellular niche. It was recently identified that SdhA and PlaA have antagonistic activities regarding stability of the Legionella-containing vacuole (LCV) [80] . In the absence of sdhA, the LCV is unstable, resulting in bacterial release into the cytosol, their autophagic capture and degradation. A suppressor screen identified plaA as being able to rescue the ΔsdhA replication defect. PlaA has phospholipase activity, like its homolog SseJ from S. Typhimurium. The mechanistic basis for how SdhA/PlaA, SifA/SseJ, SifA/SopD2 and SopB/SopF counteract each other's activities remains undetermined. Regardless, the expanding number of effector proteins identified to have antagonistic activities in regard to bacteria-containing vacuole membrane dynamics reinforces that bacterial control over vacuole integrity is an important virulence strategy.
Materials and methods
Bacterial strains
S. Typhimurium SL1344 was the wild type strain used in this study [135] . The SL1344 ΔssaR, ΔprgI::FRT and ΔsopB strains have been described previously [34, 136, 137 ]. An in-frame unmarked deletion of sopF (deletion of amino acids 3-373 of SopF) was constructed using allelic exchange in a counter-selectable suicide vector harboring SacB, pRE112, as previously described [138] . Briefly, a non-polar deletion cassette was amplified using overlap extension PCR from S. Typhimurium SL1344 genomic DNA (prepared using a Bactozol DNA isolation kit (Molecular Research Center, Inc.)) (oligonucleotide sequences are provided in S1 Table) , ligated into pRE112 and transformed into E. coli SY327λpir, a donor strain for conjugation into SL1344 wild type and ΔsopB strains. Resulting meridiploids were incubated at 30˚C overnight on agar containing 1% (w/v) tryptone, 0.5% (w/v) yeast extract and 5% (w/v) sucrose. Sucrose-resistant clones were screened for deletion of sopF by PCR with primers flanking the recombination region. The resulting strains were designated SL1344 ΔsopF and ΔsopBΔsopF. SL1344 wild type glmS::Ptrc-mCherryST constitutively expresses mCherry (codon-optimized for S. Typhimurium) under the control of the trc promoter and has been described previously [139] . P22 lysate derived from this strain was used to transduce ΔsopF, ΔsopB and ΔsopBΔsopF bacteria to create ΔsopF glmS::Ptrc-mCherryST, ΔsopB glmS::Ptrc-mCherryST and ΔsopBΔsopF glmS::Ptrc-mCherryST strains, respectively, followed by removal of the Cm R cassette using pCP20 [140] . For construction of a chromosomal 3xFLAG-tagged derivative of SopF (SL1344 sopF::3xFLAG), recombinational transfer of the 3xFLAG coding sequence to the 3' end of the sopF coding sequence was achieved using the oligonucleotides SL1177-3xFLAG-for and SL1177-3xFLAG-rev with pSUB11 as a template, following the method described by Uzzau et al. (2001) [141] .
Plasmid DNA constructs
For detection of type III effector translocation, a fusion of SopF to adenylate cyclase (CyaA) was constructed. To create pSopF-CyaA, 417 bp upstream of the sopF start codon plus the genetic region encoding for amino acids (1-199) of SopF was amplified from SL1344 genomic DNA, in addition to the catalytic domain of Bordetella pertussis CyaA from pMS107 [142] . These two fragments were then mixed in a second round of PCR, and the resulting amplicon was digested with SmaI/XhoI and ligated into the corresponding sites of pACYC177 (New England Biolabs). The SopB(1-200)-CyaA-SigE (pACYC177 backbone) and SseK1-CyaA (pACYC184 backbone) plasmids have been described previously [48, 143] . Alternatively, SopF, SopF(1-367) and SopF(1-345) fusions to TEM1 β-lactamase were constructed in pCX340 [144] to detect type III effector translocation. For complementation of ΔsopF bacteria, the entire coding sequence of sopF and 417 bp of upstream region were amplified from SL1344 genomic DNA with Sma-SL1177CyaA-F and Xho-SL1177-R, digested with SmaI/XhoI and ligated into SmaI/XhoI-digested pACYC177 to create pSopF. The SopF truncations-pSopF(1-345) and pSopF(1-367)-were constructed similarly. For plasmid-borne expression of 3xFLAG-tagged SopF, we used the oligonucleotides Sma-SL1177CyaA-F and Xho-SL1177FLAG-R with SL1344 sopF::3xFLAG genomic DNA as a template. The resulting amplicon was digested with SmaI/XhoI and ligated into the corresponding sites of pACYC177 to create pSopF-3xFLAG. The pSopF-2xHA plasmid was constructed using SL1344 wild type genomic DNA as an amplification template with SmaSL1177CyaA-F and Xho-SL11772HA-R oligonucleotides, followed by ligation into SmaI/ XhoI-digested pACYC177. The SopB complementation plasmids-pWSKDE and pWSKDE C460S -are in a low copy number plasmid backbone (pWSK29, [145] ) and have been described previously [22, 146] . SL1344 wild type glmS::Ptrc-mCherryST and ΔsopF glmS::Ptrc-mCherryST strains harboring the PuhpT-gfpova plasmid [77] were used as a biosensor for bacterial exposure to the mammalian cytosol. Expression of the unstable GFP variant, GFP-OVA, is under the control of the glucose-6-phosphate responsive S. Typhimurium uhpT promoter.
For ectopic expression in mammalian cells, SopF was cloned into pFLAG-pcDNA4/TO (pFLAG; [147] ), pEGFP-C2 (Clontech) or pmCherry-C1 (Clontech) to create pFLAG-SopF, pEGFP-SopF and pmCherry-SopF, respectively. C-terminal truncations of SopF were cloned into pFLAG-pcDNA4/TO and pEGFP-C2. SopF, SopF truncations and SopF amino acid point mutants were cloned into p413Gal-yEGFP (yEGFP; [58] ) for galactose-inducible expression in S. cerevisiae. All constructed plasmids were verified by sequencing.
The following plasmids encoding for yEGFP-or EGFP-labeled lipid-binding domains were used as biosensors of cellular phospholipid pools: yEGFP-2xPH-Osh2 [58] , EGFP-2xPH-Osh2 [64] , PH-PLCδ1-EGFP [148] , PH-Btk-EGFP [149] , EGFP-2xFYVE-Hrs [150] , P4C-SidC-EGFP [60] and PH-FAPP1-EGFP [151] .
Mammalian cell culture
HeLa (ATCC CCL-2) human cervical adenocarcinoma epithelial cells, HCT116 (ATCC CCL-247) human colorectal carcinoma epithelial cells and J774A.1 (ATCC TIB-67) mouse macrophage-like cells were purchased from American Type Culture Collection (ATCC) and used within 15 passages of receipt. Cells were maintained in the growth medium recommended by ATCC, all containing 10% (v/v) heat-inactivated fetal calf serum (FCS; Gemini Bio Products). Tissue culture plasticware was purchased from Thermo Scientific Nunc. [76] and HeLa (MOI~50), HCT116 (MOI~20) and J774A.1 (MOĨ 10) cells were infected for 10 min with bacterial subcultures as described [76] . Gentamicin protection and CHQ resistance assays (400 μM CHQ for all cell lines) were as described previously [76] .
Bacterial infection of mammalian cells
Translocation assays
To quantify type III effector-CyaA translocation, J774A.1 cells were seeded in 24-well plates the day prior to infection. S. Typhimurium wild type, ΔprgI::FRT and ΔssaR strains harboring pSopF(1-199)-CyaA, pSopB(1-200)-CyaA-SigE or pSseK1-CyaA plasmids were grown as 3.5 h subcultures (to assess T3SS1-dependent translocation) or as overnight stationary phase cultures (to assess T3SS2-dependent translocation) as described [45, 76] . J774A.1 cells were infected with bacterial subcultures for 10 min at an MOI of~10 (for wild type and ΔssaR strains) or~20 (for the ΔprgI::FRT strain). Under these conditions, equivalent CFU were internalized for all three strains and <6% macrophage cytotoxicity was observed at 1 h p.i. as determined by CytoTox 96 Non-Radioactive Cytotoxicity Assay (Promega). Monolayers were washed with PBS at 1 h p.i., then lysed and processed for cAMP quantification as described previously [47] . Alternatively, J774A.1 cells were infected with overnight stationary phase cultures (MOI~50) by centrifugation at 500 xg for 5 min (t 0 ), followed by a further incubation at 37˚C in 10% CO 2 for 25 min. Cells were washed three times in Hanks' balanced salt solution (HBSS), then incubated in growth media containing 50 μg/ml gentamicin for 1 h, followed by 10 μg/ml gentamicin until 8 h p.i., when lysates were collected and processed as described above. cAMP was measured using the Amersham cAMP Biotrak enzyme immunoassay system (GE Healthcare BioScience) according to the manufacturer's instructions for the non-acetylation procedure.
TEM1 β-lactamase translocation assays were performed as follows. J774A.1 macrophagelike cells were seeded in tissue culture treated black 96-well plates (Cellvis for microscope imaging or Corning for fluorescence plate reader detection) at 4x10 4 
Transient transfection of mammalian cells
Plasmid DNA was purified using the Nucleobond Xtra Midi Plus kit (Macherey-Nagel) according to the manufacturer's protocol. HeLa cells were transfected with plasmid DNA using the FuGENE 6 transfection reagent (Promega) according to the manufacturer's protocol. Cells were transfected for 16-18 h with 500 ng DNA/well (24-well plate) or 1 μg DNA/well (6-well plate).
Fractionation of mammalian cells
For analysis of the membrane association of SopF when ectopically expressed, transfected HeLa cells were subject to sequential detergent fractionation as described previously [23, 56] , with minor modifications. HeLa cells were seeded in 6-well plates at 1.4-1. The subcellular association of translocated SopF was determined by mechanical lysis of infected HeLa cells followed by differential centrifugation as previously described [56, 152] , with minor modifications. HeLa cells were seeded in 10 cm dishes at 1.5 x 10 6 cells/dish the day prior to infection. Bacterial subcultures of ΔsopF pSopF-3xFLAG and ΔsopBΔsopF pSopF3xFLAG bacteria were used to infect monolayers for 10 min (MOI~50) (two dishes per strain). At 1 h p.i., cells were mechanically disrupted by 4-5 passes through a 22-gauge needle, followed by low-speed centrifugation at 6,500 xg for 10 min to pellet nuclei, unbroken cells and intact bacteria. The supernatant was further subject to a high-speed centrifugation at 100,000 xg for 30 min to separate host cell membranes from cytosol. Equal volumes of each fraction were subject to immunoblotting with anti-FLAG, anti-Hsp27 (cytosol), anti-LAMP-1 (membranes) and anti-DnaK (intact bacteria) antibodies.
Immunofluorescence microscopy
HeLa cells were seeded on acid-washed, 12 mm glass coverslips (#1. To detect translocated SopF, tyramide signal amplification for immunofluorescent enhancement was used. HeLa cells seeded on glass coverslips were infected with ΔsopF glmS::Ptrc-mCherryST or ΔsopBΔsopF glmS::Ptrc-mCherryST bacteria harboring pSopF-3xFLAG. At 30 min and 1 h p.i., monolayers were fixed and blocked/permeabilized as described above. The subsequent staining procedure followed the manufacturer's instructions for the Alexa Fluor 488 Tyramide SuperBoost kit (Invitrogen). Primary antibody-mouse anti-FLAG M2 affinity isolated (1:2,000 dilution; Sigma)-and poly-HRP-conjugated secondary antibody incubations were for 45 min at room temperature. The tyramide amplification step was for 5 min at room temperature.
Immunoblotting
Proteins were separated by SDS-PAGE and transferred to 0.2 μm or 0.45 μm pore-size nitrocellulose membranes (GE Healthcare Life Sciences). Membranes were blocked at room temperature for 1 h with Tris-buffered saline (TBS) containing 5% (w/v) skim milk powder and 0.1% (v/v) Tween-20 (TBST-milk), then incubated with the following primary antibodies overnight at 4˚C: mouse anti-FLAG M2 affinity isolated (1:2,000 dilution; Sigma), mouse anti-HA.11 ascites (1:2,000; BioLegend), rabbit polyclonal anti-GFP (1:40,000; Thermo), mouse anti-β-lactamase (clone 8A5.A10, 1:2,000 dilution; Thermo), mouse anti-Hsp27 (clone G31, 1:20,000; Cell Signaling), rabbit polyclonal anti-calnexin (1:40,000; Enzo), rabbit polyclonal anti-lamin A/C (1:5,000; Cell Signaling) or mouse anti-LAMP-1 (clone H4A3, 1:1,000 dilution; Developmental Studies Hybridoma Bank). The hybridoma H4A3 developed by J.T. August and J.E.K. Hildreth (The Johns Hopkins University School of Medicine) was obtained from the Developmental Studies Hybridoma Bank, created by the NICHD of the NIH and maintained at The University of Iowa, Department of Biology, Iowa City, IA 52242. Blots were then incubated with anti-rabbit IgG or anti-mouse IgG horseradish peroxidase (HRP)-conjugated secondary antibodies (1:10,000; Cell Signaling) in TBST-milk for 1-2 h at room temperature, followed by Supersignal West Femto Max Sensitivity ECL Substrate (Thermo). Chemiluminescence was detected using a ChemiDoc MP Imaging System (Bio-Rad) and Bio-Rad Image Lab software.
Recombinant protein production and purification
E. coli Rosetta 2(DE3) (Novagen) harboring pGEX-6P-1 and pGEX-6P-1-SopF plasmids were used for recombinant protein production. Overnight bacterial cultures were subcultured to logarithmic phase (OD 600 of 0.6-0.8) and GST fusion production was induced overnight at 18˚C by the addition of 1 mM IPTG (AppliChem). Bacteria were harvested by centrifugation at 10,000 xg for 15 minutes at 4˚C. All subsequent steps were performed on ice or at 4˚C. The cell pellet was resuspended in Tris-buffered saline (TBS) (50 mM Tris-HCl pH 8.0, 150 mM NaCl) containing cOmplete EDTA-free protease inhibitor cocktail (Roche), then lysed using an Avestin EmulsiFlex-C3 high-pressure cell homogenizer or a Constant Systems Ltd. CF cell disruptor. Bacterial lysates were centrifuged at 13,000 xg for 30 min, after which the clarified supernatant was loaded into a PolyPrep Chromatography Column (Bio-Rad) pre-packed with equilibrated glutathione sepharose beads (Merck). Beads were then washed once with TBS and bound protein was eluted with TBS containing 10 mM glutathione (Sigma). Eluted protein was dialyzed overnight against TBS and purified protein was aliquoted and stored at -80˚C.
Protein-lipid overlay assays
PIP Strips and PIP Arrays (Echelon Biosciences) were used to test lipid binding of SopF according to the manufacturer's protocol. Briefly, PIP Strips and PIP Arrays were blocked in PBS/0.1% (v/v) Tween-20 (PBST) containing 1% (w/v) skim milk powder (PBST-milk) for 1 h at room temperature. Purified recombinant GST fusion protein was incubated with PIP Strips and PIP Arrays at a concentration of 1 μg/ml in PBST containing 3% (w/v) bovine serum albumin (PBST-BSA) for 1 h at room temperature. PIP Strips and PIP Arrays were washed 3 times with PBST, then probed with rabbit anti-GST antibody (1:2,000; Cell Signaling) in PBST-BSA for 1 h at room temperature. PIP Strips and PIP Arrays were washed 3 times with PBST, then incubated with anti-rabbit HRP-conjugated secondary antibodies (1:3,000; Perkin Elmer) in PBST-milk at room temperature for 1 h. Chemiluminescence signal was detected using Clarity Western ECL Substrate (Bio-Rad) and an Amersham Imager 600 machine.
SopF localization in yeast
The following S. cerevisiae strains were used: wild type with genetic background BY4742 (MATa his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0); lsb6Δ, vps34Δ and fab1Δ with genetic background BY4741 (MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0); stt4
tet-off and mss4 tet-off with genetic background R1158 (MATa his3Δ1 leu2Δ0 met15Δ0 URA3::CMVp-tTA). Competent yeast cells were transformed with p413Gal-yEGFP-SopF variants (expression is under the control of a galactose-inducible promoter) using the standard lithium acetate transformation protocol [153] . Transformants were grown for 2-3 days on minimal media agar lacking histidine. Tetoff strains were repressed with doxycycline for 24 h prior to the induction of protein expression in galactose-containing media as described previously [58] . A Leica DM4000 upright fluorescence microscope was used for visualization and image acquisition of yEGFP-tagged protein localization in live yeast.
Statistical analysis
All experiments were conducted on at least three separate occasions, unless otherwise indicated, and results are presented as mean ± SD. Statistical analyses were performed using oneway analysis of variance (ANOVA) with Dunnett's post-hoc test or Student's t-test (GraphPad Prism). A p-value of �0.05 was considered significant. 
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